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Abstract
Gallium Oxide thin films were produced by sputter deposition by varying the substrate
temperature (Ts) in a wide range (Ts=25-800 oC) and under variable deposition time. The structural
characteristics and optical properties of Ga2O3 films were evaluated using X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy-dispersive X-ray spectrometry (EDS), Rutherford
backscattering spectrometry (RBS) and spectrophotometric measurements. The effect of growth
temperature is significant on the chemistry, crystal structure and morphology of Ga2O3 films. XRD
and SEM analyses indicate that the Ga2O3 films grown at lower temperatures were amorphous while
those grown at Ts≥500 oC were nanocrystalline. RBS measurements indicate the well-maintained
stoichiometry of Ga2O3 films at Ts=300-700 oC. The spectral transmission of the films increased
with increasing temperature. The band gap of the films varied from 4.96 eV to 5.17 eV for a
variation in Ts in the range 25-800 oC for samples deposited for 30 minutes and it varied from 4.98
eV to 5.09 eV for a variation in Ts in range of 400-800 oC. A relationship between microstructure
and optical property is discussed.
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Chapter 1: Introduction
Currently there is an enormous global interest in energy production, storage, conversion,
utilization and management. Importantly energy systems that are capable of providing clean and
efficient energy is of great interest.
The utilization of energy for transport, industry and domestic purpose is of great importance in
the United States. The consumption rate of energy for United States is almost a quarter of the world’s
energy. The majority of the energy comes from fossil fuels, mostly coal is a widely used fossil fuel
where as the rest is produced by hydro and nuclear power plants. Since fossil fuels are widely used there
is a need to develop the energy conversion from these fossil fuels so that production, conversion and
transport of this energy are efficient and clean. The focus of the present work is towards materials
development and design for sensor application in power generation systems. Therefore, a brief
introduction and review of sensors and related technologies is presented below.
1.1

HISTORY OF GAS SENSORS
The first gas sensor was commercialized in 1923 [1]. It consisted of a platinum wire, which

operates at high temperature, using the catalyst to detect combustible gases in the atmosphere. It
operated by measuring the changes in resistance which resulted from the rise in temperature on gas
sensing [1]. The output signal was only a few millivolts. In 1927 the first catalytic combustion (LEL)
sensor was produced [2]. It used a hot wire catalytic platinum filament which oxidizes flammable gases
or vapors at lower levels than in normal air. This oxidation caused increase in temperature of the hot
wire which in turn increased the electrical resistance of the wire. Around the same time an
interfereometer was developed to prevent explosions in oil tankers and coal mines which use diffraction
principle to indicate the presence of methane or gasoline vapors. In 1929 a smaller and lighter one was
build using the same LEL sensor but it used an acetylene flame [3]. In 1955 a smaller and lighter version
1

of the LEL meter was developed which used an aspirator bulb which was spring loaded and twisted
away to act as an on/off switch saving the battery power and in 1965 world’s first portable oxygen meter
was devised using galvanic cell [3].
In 1962 the first report on a semiconductor gas sensor based on zinc oxide (ZnO) was published
in Japan [4]. This sensor was used to measure resistance changes in ZnO upon gas absorption on the
surface. In 1969 the first portable combination sensor was introduced and an improvement to the
semiconductor sensor was made by adding a noble metal and optimizing the sintering conditions [5]. In
1970, the first catalytic combustible (LEL) and oxygen monitor was introduced which used an internal
pump instead of a hand aspirator [3]. From oxygen sensors point of view, the best known sensor is the
one that is used in automobiles for emission control [6]. It was developed based on the electrochemical
cell using stabilized zirconia electrolyte to measure the standard free energy of formation of metal
oxides or activity of oxygen in molten metal [6]. The electrochemical cell generates electro-magnetic
force (EMF) based on the partial pressure of oxygen at high temperatures. Later it was observed that a Pt
electrode placed on the zirconia surface would act as an oxygen sensor [7]. The sensors were also used
in making an electric oven with a ceramic humidity sensor for automated cooking, which measured the
changes in humidity at elevated temperatures [8, 9].
As explained above, the invention of semiconductor gas sensors were closely associated with
daily life usage. It is also expected that the gas sensors in the future would aim at environment, food and
agriculture, etc.
1.2

TYPES OF GAS SENSORS
A gas sensor is a device which converts chemical energy into electrical signal. Its gas detection

operation involves two main functions: a receptor function and a transducer function. Based on the
output signal, which is displayed in the form resistance changes, EMF, acoustic frequency modulation or
optical signal changes, many different types of sensors were invented and developed.
2

Chemiresistive gas sensor: This device operates on the principle of measuring the density
changes in charge carries. In other words, it measures the changes in the electrical conductivity of the
semiconductor when it is exposed to the gas being analyzed. The most preferred materials for this sensor
are the metal oxides such as SnO2, WO3, TiO2, etc., which are sensitive in detecting gases like CO2,
H2S, NH3, O3, NOx, and carbon hydroxides. This type of gas sensor is normally made on an insulating
substrate which is connected to conductive wires like Au, Pt [10].

	
  

Figure 1.1: Chemiresistive Gas Sensor [10]
Chemical Field-effect Transistor: This semiconducting sensor takes advantage of the properties
of semiconductors in the form of metal oxide semiconductor field effect transistor (MOSFET), where
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the charge on the gate electrode is applied by a chemical process and the changes in the threshold
voltage are detected [11].

	
  

Figure 1.2: Chemical Field Effect Transistor Sensor [11]
Potentiometric gas sensor: This type of gas sensor is based on the discovery of Nernst that the
materials with high ionic conductivity are useful for production of an electrochemical cell while
remaining electronically insulating which are called as solid electrolyte. The signal is measured as the
difference between the working electrode and reference electrode. The working electrodes potential
depends on the concentration of the analyte in the gas phase. The best known ion conductor in history
and industry is yttria stabilized zirconia (YSZ). Oxygen ion conductivity of zirconia is enhanced by
doping it with cations like Ca2+, Y3+, Yb3+, etc [12]. The prevailing use of this material is in automotive
exhaust systems due to its excellent performance in controlling the emission of the pollutants in the
exhaust.
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Figure 1.3: Potentiometric Gas Sensor [13] a. Sensor Schematic, b. SEM of the Sensor
Calorimetric gas sensor: This type of gas sensor detects the concentration of the combustible
gas by detecting the rise in the temperature resulting from the oxidation of the catalytic element [14].
Usually the heating and the temperature measurements are combined. It was made of bare Pt wires
which were operated at 800-1000 oC, where as more recently the operating temperatures were brought
down considerably and achieved satisfactory combustion as a result of the fine distribution of catalysts
and extensive open porosity. This type of gas sensors can be used as a measure for the low explosion
limit (LEL) of inflammable gases; hence this is mainly used for methane, carbon monoxide and
hydrogen detection [15].
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Figure 1.4: Calorimetric Gas Sensor [16]
Acoustic gas sensor: This type of sensor consists of interdigitating parts printed on the substrate
and a second set for detection along with a coating that incorporates the gas to be sensed [17]. The
change in the physical properties of the surface membrane on any piezoelectric substrate, which may be
produced by adsorption or absorption gives rise to changes in the characteristics of the surface acoustic
waves (SAW) and their phase velocities which are detected by the acoustic gas sensor with high
accuracy [18]. This basic principle helps to fabricate different types of SAW sensors. From SAW
propagation, a suitable choice has to be made for the membrane materials and deposition of a uniform
thin film that adhere to the substrate for long and stable wave propagation. The membrane used is called
chemical interactive material (CIM) which shows very high sensitivity to gas species and are prepared
by sputtering for oxides, thermal evaporation for metals and ionic conductors, and spin coating for
polymers [19].

Figure 1.5: Acoustic Gas Sensor [20]
6

Optical gas sensor: This type of sensor is a kind of a wave-guided sensor which uses optical
fibers and is normally found in the field of physical sensors [21]. It is different from the sensors
discussed above as it does not use any electrical or electrochemical information. There are mainly two
kinds of optical sensors, one which senses the change in Surface Plasmon Resonance (SPR) which is
proportional to the refractive index of the sensor surface and the other type of sensor is the fiberoptical
chemical sensor (FOCS) also called as optode, which measures the changes of optical properties based
on absorbance, reflectance, light polarization, Raman scattering, etc [22].

Figure 1.6: Optical Gas Sensor [23]
1.3

METAL OXIDES FOR SENSORS
Metal oxide chemical sensors have been investigated for more than five decades; their electrical

conductivity varies with surrounding atmosphere [24]. Metal oxides like SnO2, TiO2, WO3, ZnO, Fe2O3
and In2O3 (first in the form of bulk films and then thin films), have been studied as well as the benefits
from the addition of noble metals in improving the sensitivity and stability were investigated [24].
Chemical sensors are most promising for sensor technology due to their small dimensions, low cost, low
power consumption, on-line operation and high compatibility with micro electronic processing and the
ease of integration into portable device technology [25-28]. Conversely, selection of a specific material
for application of the gas sensors in oxy-fuel combustion process necessitates understanding the
principle operation of a sensor, which is explained in Figure 1.7. The chemical detection of the sensor is
based on the principle that the properties of the material vary in a characteristic way according to the
7

changes in the atmosphere or chemical composition of air. The selectivity and quantitative response of
the material can be varied by changing its electronic properties. These changes in the electronic structure
are converted into a measuring signal to detect the nature of the gas or sometimes even the amount.
Therefore the choice of the sensing material used for O2 detection, especially at higher temperatures is
very important, which is the scientific focus of this present thesis work.

Figure 1.7: Sensor Working Principle
One of the major disadvantages of the available sensors is their lack of sensitivity to oxygen as
they consume it prior to the measurement thus producing a lower value than the actual reading and the
magnitude of the error is proportional to the concentration of reducing gas [29]. They must always be
heated to 650 oC to operate properly. They also lack sensitivity as they respond to other gases such as
hydrogen, carbon monoxide and other hydrocarbons of any species if they present in the sample gas.
8

Furthermore, besides a poor discrimination of chemical species, the commonly used sensors have
disadvantages such as slow response time, long-term instability, morphological disorders, and poisoning
by the chemical substance that need to be detected. Thus, the objective of this proposed research is in
advancement of the sensor performance for oxygen detection in combustion process. It is proposed to
investigate the structure, microstructure, stability, electronic structure and performance of Ga2O3 thinfilm nanostructures for the utilization of these films in sensor devices to effectively monitor and detect
oxygen in oxy-fuel combustion process.
1.4

GALLIUM OXIDE THIN FILMS AND NANOSTRUCTURES FOR O2 SENSORS
This section is intended to provide a brief introduction to the material. Gallium oxide is a wide

band gap semiconductor [30-35]. Ga2O3 find attractive applications in luminescent phosphors [36], high
temperature sensors [37-40], antireflection coatings, and solar cells [39]. Ga2O3 has been recognized as a
deep ultraviolet transparent conducting oxide (UV–TCO) [30-34, 42], which makes the material a
potential candidate for transparent electrode applications in UV optoelectronics [35, 43-45]. While
conventional transparent oxides such as In2O3, SnO2, ZnO and ITO are opaque in the UV region due to
small band gap (~3 eV), Ga2O3 exhibits a wide band gap (~5 eV) and deep transparency to the UV
region [33,35,41-45].
Gallium oxide can crystallize in five different crystal structures: α, β, γ, δ, and ε crystal phases
[37,46]. Among these phase, β-Ga2O3 is the most stable form with thermal and chemical stability. The
melting point of β-Ga2O3 is 1780 o C [39, 46], which is useful to readily integrate the material in high
temperature applications. The crystal structure of β-Ga2O3 is base centered monoclinic (space group
C2/m) [46] where the oxygen ions are in a distorted cubic packing arrangement and the gallium ions are
in distorted tetrahedral and octahedral sites. The lattice parameters of β-Ga2O3 are a=12.2140(3) Å,
b=3.0371(9) Å, c=5.7981(9) Å and β= 103.83o [47-51]. Despite great promise, studies on β-Ga2O3 are
rather scarce compared to other well explored wide band gap oxides. While there are a number of
9

reasons, the most important and challenging ones are: (a) difficulties in preparing single crystals, thin
layers and/or their surfaces with sufficient quality and (b) complications due to large band gap, which is
a major hindrance for the powerful electron-based spectroscopic methods [31]. Additionally, for thin
films grown using either physical and chemical vapor deposition methods, properties and phenomena of
β-Ga2O3 films depend on the processing conditions such as base pressure [38], growth temperature
[52,53], reactive pressure (if any), deposition rate and annealing conditions. Therefore, controlled
growth and manipulation of specific crystal structures of β-Ga2O3 at the nanoscale dimensions has
important technological implications. As the combustion process requires high temperatures, the high
melting point and stable structure of gallium oxide makes it interesting for such applications. It has
sensitivity to many kinds of gases such as O2, CO, H2, NO, NH3, CH4. At low temperatures of below
700 ̊ C it exhibits sensitivity to reducing gases such as CO, H2, CH4 [37, 39] on the basis of reactions at
the surface of the material but at high temperatures of over 900 oC it is used for sensing oxygen due to
the deficit in oxygen content of the material thus behaving as an n-type semiconductor [30, 37, 50].
Therefore, a careful choice of preparation conditions in order to have the controlled growth and
microstructure which is stable over the specific gas composition and temperature range is desired.
1.5

OBJECTIVES
It is clear that Ga2O3 is a promising material for gas sensor applications. Considering the

excellent properties, it is intended to develop Ga2O3-based sensors to detect very small amounts of O2 in
the oxy-fuel combustion process. The following are the specific objectives of the work:
1. To deposit Ga2O3 thin films by RF magnetron sputtering for O2 sensors in combustion systems.
2. Characterizing the films grown for their structural, morphological and electronic properties.
3. Understanding the effect of growth temperature (RT – 800° C) on the structure and morphology
along with the effect of size reduction effects.
4. Optimizing the conditions to grow high quality Ga2O3 thin films suitable for O2 sensors.
10

Chapter 2: Literature Review
Orita et al. [30] have fabricated the gallium oxide thin films on silica and glass substrates by
pulse laser deposition (PLD) method. Films in their showed good conductivity and high transparency by
reducing the oxygen pressure in the chamber and increasing the substrate temperature. Doping of Sn
ions is likely enhancing conductivity [30].
Mohamed et al. [31] have fabricated gallium oxide by Czochralski method and have shown the
(100) cleavage plane gives a surface of high perfection and the degree of correspondence of the
electronic band structure between hybrid discrete fourier transform (DFT) and ARPED measurements
for valence band width, band mass and individual dispersions are good.
Hu et al. [32] have fabricated gallium oxide nano wires by simple laser ablation which required
no metallic catalyst and no high temperature reactions, and also have characterized for X-ray diffraction,
transmission electron microscope (TEM) and photoluminescence. The nano wires have a diameter of 1550 nm and lengths of several micrometers. Photoluminescence shows a stable and broad green emission
band centered at 497 nm which has a blue shift of 30 nm.
Ueda et al. [33] have grown Ga2O3 single crystals by floating zone method and the conductivity
was measured along the b axis. By using feed rods doped with Sn the crystal became highly conductive.
The optical transmission spectra showed transparency in visible and UV region. The band gap widening
was observed with increasing of carrier concentration.
Lovejoy et al. [34] studied the surface band bending and surface defects with hard x-ray
photoemission spectroscopy and scanning tunneling microscopy. Highly doped gallium oxide showed
flat bands near the surface but for lightly doped they were bent upwards. They showed that oxygen
vacancies are not likely to be ionized in bulk but are activated by surface bending. The upward bending
may cause difficulty in making ohmic contacts.
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King et al. [35] have shown that mounium is a shallow donor in the gallium oxide which was in
contrast to the deep level observed in majority of semiconductors but also supports the recent suggestion
that it should be a shallow donor for transparent conducting oxides (TCO’s). Through these observations
they suggest that hydrogen will also be a shallow donor in gallium oxide, which is a deep UV TCO
material.
Minami

et

al.

[36]

have

developed

high-luminance

multicolor-emitting

thin

film

electroluminescent (TFEL) devices using Mn- and Cr-co-doped Ga2O3 phospor with variations of both
Mn and Cr.
Fleischer et al. [37] studied that increasing the temperature causes a strong decrease in the
sensitivity of the gases like CO, H2 and strong increase in the sensitivity to CH4.
Ogita et al. [38] have deposited gallium oxide thin films by rf magnetron sputtering and the films
were also annealed for improving crystallinity. Crystallization and composition of the films were
measured and it was found that the films were deficient in oxygen content. It was also found that the
films with little oxygen deficiency and incomplete crystallinity of Ga2O3 films is preferable for gas
sensors.
Bartic et al. [39] have fabricated three types of resistive oxygen sensors to analyze their sensing
performance in an oxygen atmosphere at 1000 oC using both sputtering technique and chemical solution
deposition (CSD) methods. Pt interdigital electrodes were deposited on the surface using lift-off method
and analysis was done using X-ray diffraction and atomic force microscopy and it was also shown that
by controlling the grain size of gallium oxide oxygen sensors they could achieve a shorter response time
and higher sensitivity at 1000 oC using CSD.
Haifeng Jiang et al. [40] have prepared Ga2O3 thin films on Si by thermal evaporation of gallium
in the ammonia atmosphere. SEM images revealed that they contained many special structures including
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spiral nanobelts, nanotrees and nanotubes in different time zones. The relation between temperature and
some special structures is also discussed.
Varley et al. [42] have investigated the role of oxygen vacancies and various impurities in the
electrical and optical properties of the transparent conducting oxides Ga2O3. They attribute the n-type
conductivity to background impurities to silicon and hydrogen. Hydrogen has low formation energy and
acts as a shallow donor both in interstitial and substitutional configurations and they have also explored
the other dopants of Si, Ge, Sn, F, Cl.
He et al. [43] have reported the results of study on structural, electronic and optical properties of
monoclinic (β) and hexagonal (α) phases. In both phases the conduction band minimum is at the zone
center and the valence band maximum is flat in k space. They have calculated the electron effective
mass, reported dynamic dielectric function, reflectance and energy loss function for a wide energy
range. These subtle differences can be attributed to higher symmetry, coordination number in Ga atoms
and packing densities.
Zhenguo Ji et al. [45] have deposited gallium oxide thin films by pulsed spray pyrolysis in air
using ethanol solution of gallium trichloride as precursor. Monoclinic gallium oxide films were obtained
as confirmed by X-ray diffraction measurements. The optical band gap and transmittance of the films
were calculated and measured. The films showed very strong sensitivity for 254 nm making it a
promising material for solar-blind UV detectors etc.
Litimein et al. [46] have studied the structural, electronic and optical properties of monoclinic
and hexagonal phases of Ga2O3 using full-potential linearized augmented plane-wave method within the
local density. They have found that for both phases have indirect band gap and the conduction band
minimum is located at Γ point and valence band maximum is located at M point for monoclinic and at L
point for hexagonal. The analysis of the electron charge density shows that Ga-O bonds have significant
ionic character and the band-to-band transition can be identified from critical points which are exhibited
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in the calculated dielectric function which is also used to calculate refractive index, extinction
coefficient and reflectivity.
Takakura et al. [47] have grown Si doped β-Ga2O3 films by RF magnetron sputtering by varying
the Si concentration from 0 to 50% and annealing after deposition at 600 oC in ambient nitrogen. Mixed
phases of Si, Ga and O were not observed but from optical absorption coefficient it was concluded that
the β-Ga2O3 energy gap increases with increasing Si concentration.
Geller [48] have determined the crystal structure of β-Ga2O3 by three-dimensional x-ray
diffraction and established the crystal dimensions. The magnetic aspects of β-Ga2O3 are also discussed.
Janowitz et al. [49] have investigated the electronic structure of In2O3 and Ga2O3. Determination
of band structure along high-symmetry directions and fundamental gaps by angular resolved
photoemission (ARPES) were addressed. The orbital characters of the valence and conduction band
regions were also addressed.
Binet et al. [50] have discussed the electronic structure of gallium oxide and a peculiar magnetic
property of exhibiting a bistable spin resonance. The calculations done by extended Huckel method for
band structure of Ga2O3 show that the conduction band has a strong 4s gallium character. The
conduction exhibits a quasi-one-dimensional character with bandwidths much larger along the b axis
therefore the conduction electrons are essentially delocalized along the octahedral chains whereas the
surrounding tetrahedral chains are not occupied. It is also shown that the two necessary conditions for
the existence of bistable conductions electron spin resonance, strong dynamic nuclear polarization and
narrow ESR line, can be quantitatively accounted for the 4s character of the conduction band and
anisotropy.
Bermudez [51] have addressed the physical and electronic structure of (100), (010), (001) and
(101 ) faces of Ga2O3 using the ab intio theory. The slab unit cells are fully relaxed during optimization
and displacements of all the atoms from ideally terminated positions are obtained as functions of depth.
14

All surfaces exhibit a decrease in surface energy upon relaxation and the local bonding of the surface is
analyzed by comparing nearest neighbor bond lengths and overlap populations with those in bulk. The
results presented in the paper provide insight into the growth and structure of Ga2O3 nanoribbons.
Hyoun Woo Kim et al. [52] have deposited gallium oxide on silicon by metal organic chemical
vapor deposition by reacting trimethylgallium with oxygen. They have investigated the growth and
structure of the films with effect of temperature and showed that the films were amorphous with
increasing roughness with a temperature increase.
Ou et al. [53] have fabricated gallium oxide thin films by pulsed laser deposition (PLD) by
varying substrate temperature from 400 to 1000 oC. The structural, optical and etching properties of the
films were investigated. The phase transition of the films was observed, crystallinity of gallium oxide
was enhanced and the etching rate decreased with increasing temperature.
Baban et al. [54] have analyzed the properties of gallium oxide thin films prepared by RF
magnetron sputtering for their use as ‘oxygen sensor.’ They have compared two different geometrical
sensors, one using inter-digital electrodes and the other using sandwich structure with a mesh electrode
on top and recorded their response time. The mechanism for oxygen sensing is also discussed.
Guzman-Navarro et al. [55] have discussed the cathodoluminescence study of gallium oxide
films grown by thermal evaporation of GaN. Condensation and subsequent oxidation of metallic Ga is
suggested as the growth mechanism of gallium oxide nanowires. Thermal annealing of oxygen
vacancies is proposed as the responsible mechanism for the observed behavior.
Feltz et al. [56] have studied the behavior of thick and thin films of gallium oxide as a function
of oxygen partial pressure and temperature in the range up to 900 oC. For ZnO and SnO2 a relatively
high initial oxygen vacancy defect concentration has to be assumed for Ga2O3. With increasing
temperature the activation energy increases leading to the assumption that oxygen cleavage in contact
with the atmosphere is achieved in the upper range.
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Li et al. [66] have doped the gallium oxide thin films with Ce, Sb, W and Zn. The films were
prepared by sol-gel process on sapphire and the sensors that were prepared were exposed to various
concentrations of oxygen at different operating temperatures.
Jinjin Guo et al. [69] have deposited gallium oxide (Ga2O3), Ga2O3/ ZnO/ Ga2O3 (GZG) onto
sapphire by molecular beam epitaxy. They have investigated the photoelectric characterization of these
films which showed high transmittance of GZG film in shallow UV and visible region and have also
demonstrated the super-low resistance of the samples.
Víllora et al. [70] show that the conductivity can be controlled by Si doping into gallium oxide.
They conclude that the electrical conductance of gallium oxide can be attributed to Si impurities while
oxygen vacancies contribution is not dominant.
Fleischer et al. [71] investigated the extent of gas filtering layer of amorphous SiO2 is capable to
modify gas sensitivity. Sputtering technique was used for preparation of the gallium oxide films with a
temperature range of 500 to 1000 oC and films of thickness 30 nm and 300 nm were grown. The sensors
with these films have high specificity to H2 operating at 700 oC. Modified sensors have a marked
increase in H2 sensitivity than unmodified sensors.
Ueda et al. [73] have investigated the anisotropy of electrical and optical properties in β-Ga2O3 at
room temperature. It was found that the rate of band gap widening with increasing carrier concentration
was much larger for b axis of the crystal than the c axis which shows the curvature of the conduction
band bottom along ky is larger than along kz.
Réti et al. [74] have examined the time and temperature dependence of the interactions between
water and different semiconducting oxide surfaces by resistance measurement. The temperature was
varied between 823 and 1093K and the water content was 15 to 30 mbar. β-Ga2O3 was proved to be a
surface conductor and the resistance changes was brought about by modification of space charge region.
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Long-Tsong Ju et al. [75] have deposited gallium oxide thin films by sputter deposition and
studied their grain sizes, sensing properties, electrical sensitivity and response time. Oxygen detection
was done by two kinds of circuit operation, first mode could sense O2 in varying temperatures and the
second mode uses a wheatstone bridge.
Frank et al. [77] have sputter deposited polycrystalline Ga2O3 thin films by employing a doping
material of SnO2 (0.1 – 3 at%). It was found that there was an increase in the conductivity up to two
orders of magnitude and also an enhancement in gas-sensitivity which form a basis for significant
reduction in sensor chip size by reducing the heating power.
Shimamura et al. [83] have investigated the excitation and photoluminescence spectra of Sidoped gallium oxide crystals and observed the emission peaks in UV and blue wavelength regions. The
excited two bands can be differentiated by polarized light and the features of the spectra are independent
of excitation and wavelengths of undoped sample. The Si-doped sample has strong dependence on blue
emission.
Aubay et al. [88] have studied the intrinsic magnetic bistability of conduction electron spins in
gallium oxide by electron-paramagnetic-resonance (EPR) spectroscopy. They have demonstrated that
the hysteresis caused by the nuclear field, from the hyperfine interaction between conduction-electron
spins and nuclear spins of gallium, can be theoretically produced by three different control parameters
the external magnetic field, microwave frequency, and the microwave field. The effect of samples size
on bistability is also investigated and it is shown that this phenomenon can disappear if the samples size
is larger than the skin depth of the compound.
Tippins [90] has observed the optical absorption and photoconductivity for Ga2O3. A model is
proposed in which the absorption rises as a result of excitation of an electron from oxygen 2p band to
gallium 4s band and calculations using this model were in good agreement with the observed band gap.
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Ogita et al. [91] have fabricated gallium oxide thin films by sputter deposition using a powder
target instead of ceramic target. Crystallinity and composition of the films have been evaluated by Xray diffraction (XRD) and auger electron microscopy (AES). Sensing characteristics, sensitivity and
response time of the sensor have also been studied at 1000 oC. The results show lower resistance, higher
sensitivity and faster gas response compared to the ceramic target films. Atomic force microscopy
(AFM) measurements of the surface show the difference in grain sizes due to different sputtering
conditions. They have shown that the gas response depends on the grain size and surface structure of the
materials.
Ogita et al. [92] have deposited gallium oxide on Si by rf magnetron sputtering. It was found that
electrical conductivity, gas sensing and rising response time of the film depend on sputtering pressure
which was clarified by the thin film deposited in low sputtering pressure shows higher electrical
conductivity and rising response time.
Schwebel et al. [93] have deposited gallium oxide thin films onto ceramic substrates and the
produced films were annealed. It was found that by applying surface modifications with oxides like
La2O3 or CeO2 which suppress the reaction to reducing gases in oxygen-rich atmospheres which respond
only to oxygen. A modification with manganese oxide yield complete gas-insensitive devices, which are
still show thermal-activated conductivity.
Fleischer et al. [94] have deposited gallium oxide by sputter deposition. A.c and d.c
measurement techniques were applied to the sensors at different temperatures. At 600 oC using the d.c
technique they encountered resistance which were higher compared to a.c technique which is attributed
to ionic conductivity and at temperatures of 800 -1000 oC. There was no difference between a.c and d.c
measurements which is attributed to purely electronic conduction.
Frank et al. [95] have prepared gallium oxide powder mixed with SnO2 in an organic binder.
They have investigated the gas-sensitive electrical properties of gallium oxide thick films. Despite the
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doping of SnO2 the gas sensitivity remains almost unchanged but the conductivity increases. This results
shows that these films forms the base for the use of screen printed electrodes or further reduction of the
chip size for decreased heating power consumption.
Fleischer et al. [96] have shown to which extent strategies to achieve selective gas detection with
one single sensor with metal oxides. Temperature variations, surface modifications and the use of
physical and chemical filters directly attached to the sensor surface are also discussed.
Lang et al. [98] have measured the changes in the conductivity of gallium oxide thin films by
using a platinum pattern underneath the Ga2O3 surface. They have dissolved Iridium, Rhodium and
Ruthenium compounds in organic solvents and by heating converted them in to oxides and metals which
led to the formation of clusters. They were able to measure very low concentrations of ethanol and by
mixing of Ga2O3 with SnO2, the conductivity improved by a factor of 10-100 and the sensors were able
to operate at lower temperatures.
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Chapter 3: Experimental
3.1

SUBSTRATE CLEANING
The substrates used for all types of experiments are p-type Si (100) wafers and quartz slides. Si

wafers with a 3” diameter, thickness 375 µm and measured resistance of 1.3-10 Ω-cm (measured by
four-point probe technique) and the quartz slides of 25mm x 25mm x 1mm dimensions which are
ground and polished clear microscope were used. In order to achieve better performance of the devices
fabricated and also to avoid contamination, the Si wafers were cleaned with RCA cleaning procedure
which removes organic, alkali ions and heavy metal contaminants present on the surface of the substrate.
The cleaning procedure has three major steps:
•

SC1- Removal of insoluble organic contaminants using 5:1:1 H2O/H2O2/NH4OH solution

•

SC2- Removal of ionic and heavy metal atomic components using a solution of 6:1:1
H2O/H2O2/HCl solution

•

Removal of native oxide by buffered oxide etches solution

	
  

Figure 3.1: Silicon Wafer with Contaminants
The SC1 solution is prepared by heating 50 ml of Deionized water (DI water) to a temperature of
80-90 ̊C and then adding 10 ml of NH4OH and H2O2 each. The Si wafer is soaked in this solution for a
20

time of 10 min to strip of the organics and metal particles and it is then rinsed with DI water at room
temperature. SC2 solution is prepared by heating 60 ml of DI water to a temperature of 80-90 ̊C and then
adding 10 ml of HCl and H2O2 each. The SC1 cleaned wafer is then soaked into this solution for a time
of 10 min to strip of the alkali ions and remaining metals followed by a rinse with DI water at room
temperature. Finally the silicon substrates are treated with buffered oxide etch (BOE) to remove any
oxides on the surface. The wafers were dried after step with nitrogen.
The quartz substrates were used in some experiments, especially optical characterization, along
with the silicon substrates. These substrate were cleaned in an ultrasonic bath of methanol (called a
sonicator) (semiconductor grade), acetone (semiconductor grade) and DI water. The ultrasonic cleaning
was carried out for 10 min for each step and then followed by a DI water rinse and substrates were dried
with nitrogen.

	
  

Figure 3.2: Sonicator

3.2

THIN FILM SYNTHESIS
Gallium oxide (Ga2O3) thin films used in this work were grown using a radio-frequency (RF)

magnetron sputtering. The sputtering process (Figure 3.3) involves bombardment of the target material
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by ionized atoms, in this case Ar+ ions. The target material (also called sputter target) is placed on a
cathode, which is in a high vacuum chamber, and a negative voltage is applied to the cathode. The
chamber which holds the cathode and the anode is evacuated to a high pressure of usually 10-6 mbar and
argon gas is introduced into the chamber at low pressures. The Ar gas will be ionized to Ar+ by the
voltage applied thus creating the Ar+ plasma. The Ar+ ions are thus accelerated towards the cathode,
which is a negative voltage, and bombard the target material ejecting the target atoms. The target atoms
will get deposited onto the Si wafer placed 8 cm away from the target. The RF magnetron sputtering
system used an RF voltage of 13.56 MHz which was applied to the target and the substrate where the
sputter cathode was equipped with a magnet.

Figure 3.3 Sputtering Process
An in-house sputter deposition system (Figure 3.4) has been used for all the depositions. All the
substrates were thoroughly cleaned and dried with nitrogen before introducing them into the vacuum
chamber, which was initially evacuated to a base pressure of ~10−6 Torr. Gallium oxide metal target
(Plasmaterials Inc.) of 2 in. diameter and 99.999% purity was employed for reactive sputtering. The
Ga2O3-target was placed on a 2 in. sputter gun, which is placed at a distance of 8 cm from the substrate.
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A sputtering power of 40 W was initially applied to the target while introducing high purity argon (Ar)
into the chamber to ignite the plasma. Once the plasma was ignited the power was increased to 100 W.
The flow of the Ar was controlled using as MKS mass flow meters. Before each deposition, the Ga2O3target was pre-sputtered for 10 min using Ar with shutter above the gun closed. The deposition was
carried out for different times of 30 min and 60 min. The samples were deposited at different
temperatures varying from 27 oC (room temperature) to 800 °C. The substrates were heated by halogen
lamps and the desired temperature was controlled by Athena X25 controller.

Figure 3.4: RF Sputter Deposition system

3.3

CHARACTERIZATION
The obtained Ga2O3 thin films were characterized by using scanning electron microscope (SEM),

X-ray diffraction (XRD) and Optical spectroscopy.
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3.3.1 Surface morphology
The obtained films from sputter deposition have been characterized using SEM for surface
morphology. The surface morphology of the films gives the information about the microstructure and
grain sizes of the films. The SEM used was a Hitachi S-4800 electron microscope.
Scanning electron microscope uses an electron source with a filament and anode. The
microscopic column is enclosed in a vacuum envelope. The working principle of SEM is that when an
incident beam is collimated and then focused onto the sample surface in a small spot, then blanking and
scanning coils are used to raster the spot across the sample. The signal from each spot on the surface is
imaged at the display, keeping the same raster position as the spot on the sample. By this way the image
is formed from the interactions of the incident electron beam and the sample surface at each position.
Magnification is achieved by rastering over a smaller area and displaying it on the screen. Since SEM
uses electromagnets rather than lenses, we have much more control over the degree of magnification.
The secondary electrons emitted from the sample surface, as a result of collisions with the electron beam
are used for image formation. The contrast of the image arises from the secondary electrons yielded by
the sample surface. A particular point may be brighter than the adjacent spot as its yield of secondary
electrons from the incident electron is more than the adjacent spot.
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Figure 3.5: Hitachi S-4800 Scanning Electron Microscope
The thin film sample is placed on a stage with its surface facing the electron beam to obtain the
image of the film. The grain sizes of the film can be obtained from the images using the image analysis
software.

3.3.2

Structural characterization
A Bruker D8 Advance X-ray diffractometer (XRD) (Figure 3.8) has been used for the structural

characterization. The crystal structure, texturing, crystallite size, and the phases can be determined from
the XRD patters.
X-ray diffractometer uses an x-ray source and a detector. It is an analytical technique where the
X-ray beam hits the surface of a substrate at various incident angles scattering preferentially oriented Xrays into the detector which collects these rays and generates the crystallographic information about the
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sample. This diffraction pattern gives information about the lattice parameter, d-spacing and film
orientation. XRD principle (Figure 3.6) is based on Bragg’s law:
λ = 2dsinθ
where λ = wavelength of X-ray, d = inter planar distance and θ = Bragg’s angle.

Figure 3.6: XRD Working Principle

Figure 3.7: Substrate Holder, X-ray Source and Detector
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Figure 3.8: Bruker D8 Advance X-Ray Diffractometer

3.3.3

Optical Characterization
The samples have been characterized by using a Cary 5000 UV-VIS-NIR optical

spectrophotometer (Figure 3.10) in wavelength range of 200-2000 nm. The optical characterization is
usually preformed on samples that are highly transparent or semi transparent thin films deposited on
transparent substrates like quartz, glass or sapphire.
Figure 3.9 presents the schematics of the UV-VIS-NIR spectroscopy. It has a light source which
has to cover the entire range of so it uses a combination of deuterium for the UV region of the spectrum
and tungsten or halogen lamp for the visible region. The beam of light given by the source is separated
into its component wavelengths by a diffraction grating and the slit following it sends a beam of
monochromatic light into the next section. The light from this slit falls onto the rotating disc which has
three different segments – an opaque black section, a transparent section and a mirrored section. The
light which hits the transparent section will go straight to the sample, gets reflected by a mirror and hits
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the mirrored section of the second rotating disc and gets collected by the detector. If the light from the
slit falls on the mirrored section of the disc it gets reflected and passes through the reference cell, hits the
transparent section of the rotating disc and gets collected at the detector. If the light from the slit hits the
black opaque section, the light gets blocked thus enabling the system to make corrections for any current
generated in the absence of light.

Figure 3.9: UV spectrophotometer Working Principle.
The transmittance obtained from the samples is used to calculate the band gap of the sputtered
sample. First, the absorption coefficient (α) is determined using the thickness (t) of the film and the
transmittance data (T) using the formula

{2.1}

α=
The energy of the photos (hν) is calculated at every wavelength (λ) using the equation

{2.2}

hν =
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Finally the band gap of the films is measured using the equation

αhν = B(hν – Eg)2

{2.3}

where B is a proportionality constant and Eg is the band energy, the band gap of the films are calculated
by plotting

a graph between (αhν)2 and hν. The extinction coefficient k, refractive index n and

dielectric constants can also be calculated from the transmittance data.

Figure 3.10: Cary 5000 UV-VIS-NIR Spectrophotometer
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Chapter 4: Results and Discussion
4.1

CRYSTAL STRUCTURE
X-ray diffraction patterns of Ga2O3 films are shown in Fig. 4.1 as a function of Ts. The XRD

curves (Fig. 4.1) of Ga2O3 films grown at Ts=RT-400 ºC did not show any peaks indicating their
characteristic amorphous (a-Ga2O3) nature. The diffraction peaks began to appear in XRD pattern at
Ts=500 oC indicating the film crystallization at this temperature. The appearance of peaks corresponds to
the diffraction from β-Ga2O3 [39, 40, 52, 65] as indicated in Fig. 4.1. It is evident (Fig. 4.1) that the
intensity of the substrate peak (Si(200)) increases for films grown at Ts=800 oC which might be due to
interfacial reaction at the substrate-film interface. The thick films deposited for a time of 60 minutes
showed a similar pattern as of the thinner samples.
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Figure 4.1: XRD Patterns of Ga2O3 Films.
4.2

SURFACE MORPHOLOGY AND GROWTH BEHAVIOR
The SEM images of Ga2O3 films are shown in Fig. 4.2. The amorphous nature is clearly evident

in the SEM images of Ga2O3 films grown at Ts=RT-400 ºC. A fine microstructure and uniform
distribution of dense particles can be seen in Ga2O3 films grown at Ts=500-700 ºC. It is evident that the
average size increases with Ts. It must be emphasized that the presence of some particles for Ga2O3 film
surface is noted in SEM for Ts=400 oC although most of the film volume is amorphous and didn’t reveal
even a sign of localized structural order with any other spectroscopic or X-ray diffraction analysis. Most
significant point is the remarkable effect of deposition temperature on the surface morphology of Ga2O3
films. The average grain size increases from 15±2 to 35±3 nm with increasing Ts from 400 to 600 oC
and finally drops to 30±2 nm for Ts=800 oC. The films deposited for 60 minutes have shown a similar
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inclination as the thinner samples which shows that crystallization occurs at 500 oC and the average
grain size increases from 25±2 to 80±2 nm with increasing Ts from 400 oC to 700 oC and it finally drops
to 75±2 nm for Ts=800 oC. The origin for the significant change in morphology with spherical shaped
particles for films at 800 ºC is not clear. Perhaps, intermixing or Si-Ga2O3 reaction may be occurring at
the interface when the temperature is increased to 800 oC.
Based on SEM and XRD data as a function of Ts, the growth behavior of Ga2O3 films can be
conveniently divided into two zones, where the morphology differences are significant. The first
category or zone contains the set of Ga2O3 films grown at temperatures <500 oC. The second is the set of
Ga2O3 films grown at temperatures ≥500 oC. No features can be seen for Ga2O3 films grown at RT even
at very high magnifications (Fig. 4.2). This observation is in agreement with the XRD results indicating
the complete amorphous nature of the samples. If temperature is low such that the period of the atomic
jump process of adatoms on the substrate surface is very large, the condensed species may stay stuck to
the regions where they are landing thus leading to an amorphous Ga2O3 films. The adatom mobility on
the surface increases with increasing temperature. The small, dense particles spherical in shape can be
noticed in SEM images for Ga2O3 films grown at 400-500 oC. The SEM data along with appearance of
diffraction peaks in XRD clearly indicate that 500 °C is the critical temperature to promote the growth
of nanocrystalline Ga2O3 films. For the given set of experimental conditions, a temperature of 500 °C is,
therefore, favorable to provide sufficient energy for crystallization of Ga2O3 films.
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Figure 4.2: The SEM Images of Ga2O3 Thin Films as a function of Ts Deposited for a Time of 30 min. It
is evident from the SEM images that the surface morphology of Ga2O3 films is sensitive to the growth
temperature. The morphological changes are correlated with the changes in crystal structure and specific
phase formation of Ga2O3 films as a function of growth temperature.
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Figure 4.3: The SEM Images of Ga2O3 Thin Films as a Function of Ts Deposited for a Time of 60 min. It
is evident from the SEM images that the surface morphology of Ga2O3 films is sensitive to the growth
temperature. The morphological changes are correlated with the changes in crystal structure and specific
phase formation of Ga2O3 films as a function of growth temperature.
The XRD and SEM results suggest that a further increase in temperature beyond 500 °C results
in changes in the crystal structure and morphology. Ga2O3 films continue to show preferred growth
along with an increase in average particle size with increasing Ts. A functional relationship obtained
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between the average grain size (L) and the temperature fits to an exponential growth function as shown
in Fig. 3. The data (Fig. 4.4) supports thermally activated growth process of nanocrystalline Ga2O3
films. Therefore, similar to the diffusion coefficient equation [53, 54] L can be expressed as:
L = Lo exp (-∆E/kBT)

{3.1}

where L is the average grain size, L0 is a pre-exponential factor or proportionality constant which
depends on the specific film, substrate materials involved, ∆E the activation energy, kB the Boltzmann
constant and T the absolute temperature. It is important to recognize the functional linear relationship
which is an indicative of thermally driven growth behavior of nanocrystalline Ga2O3 films. The above
analysis is also performed for the set of samples grown for a time of 60 minutes as shown in Fig 4.5.
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Figure 4.4: Grain Size Variation with Temperature for Sputter Deposited Ga2O3 Films Deposited for 30
min. The experimental data are shown in solid squares while the line shows an exponential fit. The data
fit to an exponential growth function indicating thermally activated growth process of nanocrystalline
Ga2O3 thin films.
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Figure 4.5: Grain Size Variation with Temperature for Sputter Deposited Ga2O3 Films Deposited for 60
min. The experimental data are shown in solid squares while the line shows an exponential fit. The data
fit to an exponential growth function indicating thermally activated growth process of nanocrystalline
Ga2O3 thin films.
4.3

CHEMICAL COMPOSITION
The chemical composition of the films is primarily probed by Rutherford backscattering

spectrometry (RBS) while chemical quality of representative films were analyzed with Energy
Dispersive X-ray Spectrometry (EDS). The RBS spectra Ga2O3 films are shown in Fig. 4.6. The
backscattered ions observed were due to various elements, and the positions are indicated by arrows for
the experimental spectrum. The scattering from Ga, the heaviest among the elements present either in
the film or substrate, occurs at higher backscattered energy (1580 keV) as shown in RBS curves for
Ga2O3 films (Fig. 4.6). The measured height and width of this peak is related to the concentration and
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thickness distribution of Ga atoms in the oxide film and serves as a calibration check for composition
and thickness since known Rutherford scattering cross section and experimental parameters can be used
to calculate this height and width [30,31]. As indicated in the figure, the step edge and peaks due to ion
backscattering from Si (substrate) and O atoms (film) are observed at 1100 and 660 keV, respectively.
The composition and thickness of the films were determined by simulating the experimental spectrum
for the set of experimental conditions. The procedure utilized to derive the chemical composition of the
grown films is represented for all the samples (Fig. 4.6). The experimental curve (circles) along with the
simulation curve (lines) calculated using SIMNRA code is as shown in Fig. 4.6. The simulated curve
was calculated using SIMNRA code [50] for the fixed set of experimental parameters: (1) incident He+
ion energy, (2) integrated charge, (3) energy resolution of the detector, and (4) scattering geometry. It
can be seen in Fig. 4.6 that the simulated curves (solid line) calculated using the experimental
parameters is in good agreement with the experimental RBS spectra. This observation indicates that film
composition is reasonably simulate the spectra and, hence, provides the estimate of film composition.
The theoretical sotichiometry of Ga2O3 corresponds to a concentration of Ga: 40 at% and O:60 at%
leading to O/Ga ratio of 1.5. The O/Ga ratio variation of the Ga2O3 films as a function of growth
temperature as revealed by RBS measurements is shown in Fig. 4.7. The results obtained indicate that a
temperature of 300 oC or higher is required for the formation of stoichiometric Ga2O3 films. The
concentration of Ga and O determined from RBS for films grown at room temperature are 38 are and 62,
respectively, leading to an O/Ga ratio of 1.6, which is slightly higher than that (1.5) of the stoichiometric
Ga2O3. The concentration of O was found much higher than Ga concentration. The O/Ga ratio deviating
from expected the stoichiometry and formation of excess oxygen with a metal deficiency was also
reported for Ga2O3 films on Si [52]. Although the deposition conditions are different, the samples with a
deviation of stoichiometry in this work agree with those reported for Ga2O3 films [52].
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Figure 4.6: RBS Spectra of Ga2O3 Films Grown at Various Temperatures. The experimental and
simulated curves are shown for each and every data set. The peaks due to ion backscattering from Ga, Si
and O atoms are as indicated.
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Figure 4.7: The Variation of Oxygen to Gallium Ratio in Ga2O3 films as Function of Ts. The ratio is
determined from RBS measurements. Slightly higher values than expected for films grown at RT
indicate the excess oxygen in the films.
The EDS spectra obtained from representative samples grown at various temperatures are shown
in Fig. 4.8. All the spectra exhibits the characteristic peaks corresponding to Ga and O atoms. The Xrays emitted from the sample as a result of electron beam bombardment are characteristic of individual
atoms [56, 57]. The EDS measurements, therefore, can be used to qualitatively discuss the chemical
characteristics of the grown samples. The EDS curve displays the peaks due to Ga K, Ga L and O K
lines. The absence of any other peaks except those due to Ga and O is evidence that the sample consists
exclusively of Ga-oxide phase with no other detectable impurities from other elements. The XRD, SEM
and EDS results indicate that the Ga-oxide samples synthesized exhibit high structural quality in terms
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of physical and chemical structure. Finally, based on the XRD, SEM, EDS, and RBS measurements, a
phase diagram for the microstructure evolution of Ga2O3 films is proposed as shown in Fig. 4.9. The
phase diagram summarizes the observed changes in structure, chemistry and morphology of the films as
a function of substrate temperature and could provide a roadmap while considering the Ga2O3 films for
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Figure 4.8: EDS Spectra of Ga2O3 Thin Films. The X-ray peaks due to Ga, Si and O atoms present in the
grown films are as labeled.
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Figure 4.9: Phase Diagram of Ga2O3 Films
4.4

OPTICAL PROPERTIES
The spectral transmission characteristics of Ga2O3 films grown at Ts=25-800 oC for 30 minutes

are shown in Fig. 4.10, and for 60 minute samples is shown in Fig. 4.12 . It is evident that the
amorphous and nanocrystalline Ga2O3 films in general show high transparency in the spectral range
except where the incident radiation is absorbed across the band gap (Eg). It indicates the transparent
nature of all the Ga2O3 films. A further analysis of the optical spectra is performed in order to better
understand effect of microstructure on the optical properties and to derive a quantitative structureproperty relationship. For β-Ga2O3 with direct band gap [37, 57], the absorption follows a power law of
the form:
(αhν) = B (hν-Eg)1/2

{3.2}
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where hν is the energy of the incident photon, α the absorption coefficient, B the absorption edge width
parameter, Eg the band gap. The optical absorption coefficient, α, of the films is evaluated using the
relation:
α = [1/t]ln[T/(1-R)2],

{3.3}

where T is the transmittance, R the reflectance and t the film thickness. The absorption data and the plots
obtained for Ga2O3 films are shown in Fig. 4.11. It is evident that (αhν)2 vs. hν results in linear plots in
the high absorption region suggesting direct allowed transitions across Eg of Ga2O3 films [37,41,57].
Regression analysis and extrapolating the linear region of the plot to hν=0 provide the band gap value as
indicated with an arrow in Fig. 4.11. The Eg variation for Ga2O3 films deposited for 30 minutes, grown
at various Ts are shown in Fig. 4.11. Eg value of Ga2O3 films grown at 25 oC is 5.17 (±0.02) eV and
decreases to 4.96 (±0.03) films grown at 800 oC. The higher values of Eg measured for Ga2O3 films may
be due to amorphous nature or excess oxygen of the films. The Eg variation for Ga2O3 films deposited
for 60 minutes, grown at various Ts are shown in Fig. 4.13. Eg value of Ga2O3 films grown varies from
4.98 (±0.02) eV to 5.09 (±0.03). These two factors contribute disorder leading to slightly higher band
gap measured for films grown room temperature. Also for the films grown for longer times the band gap
variation was very minimal. It is noted that the measured band gap energy values in this work with those
reported in the literature for β-Ga2O3 [37, 41, 57]. However, no quantum effects and band gap
enhancement is observed in β-Ga2O3 films when compared to the other transparent, wide band gap
oxides [58].
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Figure 4.10: Spectral Transmittance Characteristics of Ga2O3 Films as a Function of Temperature
Deposited for 30 min.
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Figure 4.11: (αhν)2 vs hν Plots for Ga2O3 Films Grown at Different Temperatures for 30 min.
Extrapolating the linear region of the plot to hν=0 provides the band gap value as indicated with an
arrow.
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Chapter 5: Summary and Conclusions
Ga2O3 thin films were produced by sputter deposition by varying the substrate
temperature in a wide range (Ts=25-800 oC). The structural characteristics and optical properties of
Ga2O3 films were evaluated. XRD, SEM results show that the effect of growth temperature on Ga2O3
thin films is significant. Ga2O3 films grown at lower temperatures were amorphous while those grown at
Ts≥500 oC were nanocrystalline. RBS measurements indicate that the Ga2O3 films grown at RT exhibit
slightly excess oxygen leading to O/Ga ratio of 1.6 while films grown at 300-700 oC were nearly
stoichiometric (O/Ga~1.5). The grain sizes of the films grown for 30 minutes varied from 14-35 nm with
the increase in Ts from 300oC to 600oC, where as for the samples grown for 60 minutes the grain sizes
varied from 25-80 nm from 400oC to 700oC. The spectral transmission of the films increased with
increasing temperature. The band gap of the films deposited for 30 minutes varied from 4.66 eV to 5.17
eV for a variation in Ts in the range 25-800 oC, whereas the band gap for the thicker films varied from
4.98 to 5.09 eV. Slightly higher band gap for films grown at lower temperatures may be due to excess
oxygen or structural disorder induced by the amorphous nature of the films. A relationship between
microstructure and optical property is established.
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Chapter 6: Future Work
The scope of the future work and some directions are listed below.
1. The optimized conditions from this work can be used to develop Ga2O3-based O2 sensors.
2. Pure Ga2O3 films can be tested for their sensitivity in a controlled O2 environment. The
parameters related to sensor performance can be derived.
3. The long-term stability and poisoning of the materials under exposure to O2 can be tested.
4. Developing of films with varying flow rates of Argon and Oxygen so study the characteristics of
these films.
5. Developing a sensor from these films and comparing the results with the films grown above.
6. Optimizing the best conditions for developing an O2 sensor.
7. Testing of the thus developed O2 sensor in oxy-fuel combustion process.
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